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A combined analysis merges 17,000 DSN Very Long Baseline Interferometric
(VLBI) observations with 303,000 observations from the Crustal Dynamics Project
(CDP) and the International Radio Interferometric Surveying (IRIS) project. Ob-
servations from the Radio Reference Frame Development (RRFD) and Time and
Earth Motion Precision Observations (TEMPQ) programs through late 1990 form
the DSN VLBI data set. The combined analysis yields angular coordinates of ex-
tragalactic radio sources with a precision of a few nanoradians, as compared with
5- to 10-nrad precision for coordinates derived in the past solely from DSN data.
The improvement in the combined analysis is due to the new Mark III DSN data,
as well as to increased statistical strength from the large volume of observations
from non-DSN experiments. Such a unified analysis is made possible by recent
improvements In parameter estimation software efficiency. The terrestrial refer-
ence frame is based on joint VLBI experiments employing both DSN and CDP
antennas, and on specifying the coordinates of VLBI antennas in a proper geocen-
tric coordinate system by means of Global Positioning System (GPS) collocation of
VLBI, LLR, and SLR (Lunar and Satellite Laser Ranging) sites. Approximately 200
sources, fairly uniformly distributed over the sky at declinations ranging from —45 to
+90 deg, form the 1990-3 catalog, and show formal uncertainties smaller than
5 nrad. At this level of precision, it is critical to estimate corrections to the In-
ternational Astronomical Union (IAU) models of precession and nutation, and the
1990-3 source positions should only be used in conjunction with these corrections.
Furthermore, at this level, a number of ignored effects, such as tropospheric tur-
bulence and source structure, may cause errors equal to or greater than the formal
uncertainties. Attempts to assess the influence of unmodeled systematic errors by
comparing source positions with catalogs derived from independent analyses of par-
tially independent data place a lower limit of 2 to 3 nrad on currently achievable
accuracies. This leads to a realistic estimate of the true level of accuracy of approx-
imately & nrad for this combined radio source catalog.
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l. Introduction

This work emerged from a comparison of the mod-
els and analysis techniques employed by Goddard Space
Flight Center (GSFC) and JPL groups [1]. Subsequently,
it became of interest to determine whether adding non-
DSN data to the analyses for radio-reference frame de-
velopment could compensate for the reduced availabil-
ity of the DSN antennas for Very Long Baseline Inter-
ferometry (VLBI) in the late 1980s. A further goal was to
determine how much is to be gained by adding non-DSN
data to the databases determining previously published
JPL source coordinates [2,3], as well as to the more re-
cent DSN-only data including several thousand Mark II1
observations [4]. By mid-1990 the total number of VLBI
observations available for processing at JPL had exceeded
300,000. Recent improvements in JPL analysis software
have made it possible to perform least-squares estima-
tion involving hundreds of thousands of observations and
tens of thousands of parameters within a few days of CPU
time on VAX-780-class computers. It was therefore de-
cided to generate a radio source catalog from all the VLBI
data available in order to assess its suitability for meeting
navigation requirements.

Three current projects demand celestial or terrestrial
reference frames at or exceeding the accuracy levels of cur-
rent frames. Proposed Galileo tracking requirements spec-
ify a radio reference frame stable to 5 nrad, while prelimi-
nary specifications for Ka-band tracking of Cassini tighten
this requirement to 3 nrad. The TOPEX-POSEIDON
project requires 3-cm three-dimensional baseline accuracy,
with 5-cm alignment with the geocenter. This translates
to 3 nrad on the California-Australia baseline. Thus, nav-
igation requirements in the near future are more stringent
than the accuracy level of 10 nrad for the DSN reference
frame published in 1988 [2], and also go beyond the more
recent DSN source catalogs [3,4].

The Crustal Dynamics Project (CDP) and Interna-
tional Radio Interferometric Surveying (IRIS) programs
always perform multiple baseline experiments, with much
more frequent observing sessions than those of the
DSN. Consequently, the number of CDP+IRIS observa-
tions is more than an order of magnitude larger than
the number of DSN observations generated by the Radio
Reference Frame Development (RRFD) and Time and
Earth Motion Precision Observations (TEMPO) projects
at JPL. The CDP and IRIS networks also provide a
considerably different geometrical coverage of the Earth
than the three DSN complexes, and may thus serve to
expose any systematic effects which depend on network
geometry.

The combined VLBI database consists of 319,734 ob-
servations. In addition to being one of the largest data
sets used for estimation of astrometric and geodetic pa-
rameters, it also provides a diverse set of baseline lengths
and orientations. A long-standing weakness of all current
VLBI data is the paucity of observations by stations in
the southern hemisphere. This is especially true of the
CDP and IRIS measurements throughout the 1980s; the
DSN has benefitted from the Tidbinbilla station, which
permits sky coverage down to —45-deg declination. On
the other hand, all the non-DSN data have been acquired
with Mark III recording systems, which have only recently
(1988) been introduced into the DSN. The larger DSN an-
tenna diameters and lower system temperatures, however,
produce markedly reduced system noise and observable er-
rors in current DSN Mark I1I data relative to CDP and
IRIS data.

Aside from possible systematic errors, the radio source
positions reported here form one of the best-determined
extragalactic source catalogs presently available, which is
a candidate for a fundamental reference frame. Discus-
sions are under way in various International Astronomical
Union (IAU) working groups, which are expected to adopt
(in 1994) a radio reference frame to replace the present
optical-based frame as the fundamental reference frame for
astrometry. Such considerations are driven by the realiza-
tion that uncertainties of the best optical measurements
presently exceed the best radio interferometric uncertain-
ties by at least an order of magnitude: <5 nrad (radio)
versus 22100 nrad (optical) [5]. When the next generation
of optical astrometric measurements of galactic sources be-
comes available from the Hipparcos project [6], optical un-
certainties are expected to be reduced to 10 nrad. Unlike
the extragalactic radio sources, however, most galactic op-
tical objects show considerable proper motion. As a result,
the source positions reported here form a more stable ref-
erence frame than Hipparcos. During the next few years,
additional experiments by the astrometry groups at the
Naval Research Laboratory (NRL) and the U.S. Naval Ob-
servatory (USNO), as well as other current projects, are
expected to improve precision further and to provide more
nearly uniform sky coverage by including southern hemi-
sphere observations.

This article presents a description of the analysis of
combined VLBI observations. Section II summarizes the
interferometric data from the four projects that are em-
ployed to generate the combined source catalog. Details
such as distribution of observing sites, noise characteris-
tics, and elevation angles serve to characterize the observa-
tions. VLBI modeling, analysis, and parametrization are
discussed in Section III, while Section IV gives a sum-
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mary of the results most pertinent to specification of radio
source coordinates for spacecraft navigation. Section V
attempts an assessment of the influence of unmodeled sys-
tematic errors in order to arrive at realistic estimates of
the true level of accuracy of the combined radio source
catalog.

Il. VLBI Data

Only data from experiments employing hydrogen maser
frequency standards and dual-frequency (S- and X-band,
2.3 and 8.4 GHz) ionosphere calibration are considered
here. This means that no data prior to 1978 are included.
Mark III VLBI systems [7] were used in acquiring all the
CDP and IRIS data, and Block I systems [8] were used
in TEMPO, while Mark II systems!'? were employed in
RRFD experiments until late 1988 to early 1989, with
Mark III used thereafter.

A short summary of the four observing programs that
are considered in this article is presented in Table 1. Fur-
ther details concerning data acquisition, reduction, and
analysis are given in [9] for the GSFC CDP data, and in
any current IRIS monthly bulletin [10] for the National
Geodetic Survey IRIS data. Here, N, is the number of
unique stations, and N, 1s the number of unique base-
lines. Note that no distinction is made among various
antennas at the three DSN complexes (marked with as-
terisks). The number of observing sessions is N,.,; these
are normally of 24-hr duration (except for the post-1987
RRFD and the 3-hr TEMPO sessions), and may involve
as many as seven stations. The number of unique sources
observed in each program is N,,.. The major thrust of
the first three observing programs of Table 1 is geodetic,
while the RRFD program is predominantly astrometric,
as can be seen from the N,,; and N,,, columns. An order
of magnitude more observations of relatively few sources
by CDP, and especially IRIS, may contribute more to de-
termination of short-period nutation amplitudes than to
improving the accuracy of source positions. Finally, Ny,
is the number of pairs of delay (D) and delay-rate (DR)
measurements that are included in the analysis. The anal-
ysis described here used data available in the fall of 1990;
by early spring of 1991, the number of RRFD MEkIII obser-
vations had tripled, and they are being incorporated into
the database for a future source catalog. A total of 230
extragalactic radio sources contributed observations. The

1E. J. Cohen, “VLBI Bandwidth Synthesis Manual,” JPL Track-
ing Systems and Applications Section report (internal document),
June 1979.

2E. J. Cohen, “VLBI Rack Manual,” JPL Tracking Systems and
Applications Section report (internal document), May 1980.
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number of observations per source ranges from a maxi-
mum of 23,656 (for 4C 39.25) to 1 (for five sources for
which RRFD observations had only recently begun).

Two broad characterizations of the data involve data-
noise and elevation-angle distributions. Table 2 shows
the root-mean-square delay data noise (formal uncertainty
from correlation processing) for each observing program,
as well as the additional noise (constant for each baseline
in a given observing session) that was root-sum-squared
with the observable noise in order to approximate chi-
square per degree of freedom = 1 in the least-squares fit
(see Section IIT). Note that for TEMPO data, additional
noise is introduced as an RSSed fraction of the total tropo-
spheric delay contribution for each observation [4], rather
than as an RSSed constant for each observing session. The
RRFD data are subdivided into Mark IT and Mark III cate-
gories because there is a large difference in their data qual-
ity. While the data quality also generally improves with
time from the late 1970s to 1990 for all observing pro-
grams, there is no such clear demarcation for CDP, IRIS,
or TEMPO.

It can be seen that both the data noise and additive
noise are considerably lower for CDP and IRIS data than
for RRFD MKII and TEMPO data. The RRFD MKIII
data, on the other hand, exhibit the lowest value in both
categories. Comparison of data noise and additive noise is
not straightforward because of variations in scan lengths
and fractions of low-elevation observations among the ob-
serving programs. Variation of the additive noise may
indicate problems either with the receiving or recording
systems, correlation processing, data editing, or the post-
correlation software that generates the observables. Noise
added to account solely for unmodeled physical effects is
not expected to vary with the type of data if similar ob-
serving schedules are used. The strength of the DSN data
as a whole lies in the larger antennas and variety of sources
observed, as well as the generally longer baselines and more
complete declination coverage. The DSN observations also
benefit from quieter receiving electronics, given equivalent
recording systems. These characteristics permit the 17,000
DSN observations to make a nearly equivalent contribu-
tion, on the whole, to that of the 300,000 CDP+IRIS ob-

servations in the combined fit.

Low-elevation-angle observations were avoided in early
non-DSN VLBI experiments because of problems in mod-
eling the large tropospheric delays at low elevations. As a
result, there is a scarcity of data at elevation angles below
15-20 deg in the early CDP and IRIS data. The DSN ex-
periments, partly because they were performed over longer
baselines, routinely involved observations down to the an-



tenna limits of 6-deg elevation throughout their entire his-
tory. Now that improved troposphere models are avail-
able [11,12], and it is commonly accepted that mismodel-
ing of the time-varying tropospheric delay is a limiting er-
ror source in interpretation of VLBI results [13], and that
low-elevation observations help to model and reduce the
static part of this error, CDP and IRIS experiments also
routinely acquire substantial numbers of low-elevation ob-
servations. Table 3 shows an overall summary of the four
observing programs in terms of the fractions of observa-
tions involving elevation angles smaller than 10, 20, and
30 deg ( f10, f20, and fag, respectively) at any participating
station. It may be seen that both fig and foq are larger by
approximately a factor of 3 for RRFD and TEMPO than
for CDP and IRIS observations. Well over half of the DSN

observations are made at elevations below 30 deg.

Two analyses of comparably large VL BI data sets have
been recently carried out by Ma and co-workers [14,15].
These two catalogs are based respectively on 237,000 and
461,000 observations, with the second including NAVNET
(the geodetic VLBI program of the USNO) and southern
hemisphere astrometric data in addition to CDP and IRIS
experiments. There is necessarily considerable overlap be-
tween those two databases and the one used in the work
described here. Comparison of estimated source positions
indicates the magnitude of discrepancies due to differences
in observables, modeling software, and analysis techniques.

lll. Modeling and Data Analysis

With some exceptions, theoretical modeling of the ob-
served delays and rates conforms to the specifications con-
tained in the International Earth Rotation Service {IERS)
standards [16]. The data quality demands a model for
the Earth’s precession and nutation that goes beyond the
current IERS and IAU standards {17]. Details are given
below, and a more complete description of modeling is
given in the document concerning the JPL VLBI software
“MODEST” [18]. Briefly, the calculations are performed
in solar system barycentric coordinates defined in terms of
the mean equator of J2000.0.

The clock and troposphere modeling options were the
same as those used in the 1988 source catalog paper [2].
The clock model was piecewise linear, with breaks intro-
duced only in places where they appeared essential from
inspection of the post-fit residual patterns. At most sta-
tions, this averaged to 5 or 6 clock sections per 24 hr.
Improved instrumental stability reduces this by at least a
factor of 2 for RRFD Mark III data. Troposphere model-
ing was piecewise constant, with a new value of the zenith

delay estimated at each station for every 3 hr of obser-
vations. It remains to be determined how much error in
source coordinates is introduced by such parametrization.

UT1 and polar motion (UTPM]) values were fixed at
those given by the uniformly smoothed time series of Gross
and Steppe [19], which is consistent with the 1989 IERS
UTPM reference frame [20]. These Earth-rotation param-
eters are accurate to 1 to 2 nrad during the latter part
of the time span covered by the VLBI data. The coor-
dinates of the reference station (Gilmore Creek, Alaska)
were taken from the CDP Annual Report for 1989 [9] at
the epoch 1988.0. These coordinates are specified in terms
of a current best-estimate geocentric system, established in
recent years by means of comparison of VLBI, SLR, LLR,
and GPS measurements [21]. Positions at epoch 1988.0
are estimated for 30 stations (all but the reference sta-
tion). Except for Gilmore Creek, time rates of change are
also estimated for the coordinates of all stations for which
the data cover a sufficient time span (19 stations in all).

Note that the adoption of a terrestrial reference frame
poses a consistency problem in analysis of large data sets.
Considerable portions of the data used here have also gone
into the results of all the references cited in the previous
paragraph. Achieving truly independent fixes of the ter-
restrial coordinate system and the UTPM series would ne-
cessitate the adoption of results of techniques totally inde-
pendent of VLBI. Satellite and lunar ranging techniques,
however, are presently not capable of providing all the re-
quired parameters at an acceptable accuracy level.

Similar considerations apply, to a somewhat lesser de-
gree, to the method used to circumvent the right ascen-
sion reference problem for VLBI data. The origin of celes-
tial coordinates was fixed by tightly constraining the right
ascension and declination of OJ 287 and declination of
CTD 20 to their values in the IERS 90C01 celestial refer-
ence frame [20]. Instead of the usual single right ascension
constraint, three coordinates are constrained in order to
allow for improved nutation and precession models, and
to make the overall orientation of the estimated coordi-
nate system be close to IERS 90C01. It was noted from
previous experience that alternative choices of terrestrial
and celestial origins have little effect on the relative source
coordinates. Nutation modeling is a known weak point
of the present IERS standards, which use the 1980 IAU
nutation series [17]. The position of the celestial pole is
known to depart from the 1980 IAU value by as much
as 25 nrad [4,22,23]. The quality of present VLBI data
demands that this inadequacy be compensated by some
means. Consequently, it was decided to estimate values of
the precession constant and selected nutation amplitudes.
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Ecliptic longitude (1) and obliquity (¢) define the posi-
tion of the celestial ephemeris pole (CEP) at a given epoch.
The estimated components of the nutation model were the
amplitudes of the nutations with selected periods in both
longitude and obliquity. There is evidence [24] that effects
of ocean tides and friction at the core-mantle boundary
cause small contributions to nutation that are out of phase
with those of the current IAU model, which was derived
for an oceanless Earth. Consequently both in-phase and
out-of-phase components were considered. Amplitude cor-
rections AAy and AA, of a total of nine nutation periods
were estimated: 18.6 yr, 9.3 yr, 365.3 d, 182.6 d, 121.7 d,
27.6 d, 13.7 d, 13.6 d (respectively, terms 1, 2, 10, 9, 11,
32, 31, and 33 of the total of 106 in the 1980 IAU series),
and the free core nutation with a period of 433.2 d. These
particular frequencies include at least all the terms which
have been found to require amplitude corrections in pre-
vious work [22,23]. Exploratory fits on various subsets of
the present database have shown that the 18-yr, annual,
and semiannual terms give a good representation of the
daily corrections to the CEP position (A4 and Ag) deter-
mined from the data. The remaining terms are included
here in order to uncover other, possibly significant correc-
tions. With 4 components per period, the total number
of estimated nutation amplitudes was 36. In order to con-
strain the celestial ephemeris pole at epoch J2000 to its
nominal position, two angular offsets (rotations about the
z and y axes) were also estimated. These represent, re-
spectively, displacements of the CEP toward 18- and 0-hr
right ascension. The method used here for defining the
celestial reference frame and for estimating precession and
nutation follows [4].

A linear least-squares algorithm is used to obtain op-
timal estimates of the model parameters from data. The
least-squares estimation is achieved with the square-root
information filter (SRIF) algorithms of Bierman [25]. The
software is presently implemented on VAX computers and
workstations, which were used in the fit described in this
article. Several days to a week of CPU time is required
to complete the analysis. Disk storage requirements are
also quite sizable (=0.5 Gbytes), mostly due to the large
number of source coordinates that enter each fit as global
parameters. To minimize CPU and storage requirements,
the analysis was done in six sections: two CDP, three IRIS,
and one RRFD/TEMPO, with no section containing more
than 70,000 observations. The basic fit estimates 57,795
parameters from the 319,734 pairs of delay and delay-rate
observables. Of these, only the 460 source coordinates, 39
nutation/precession quantities, and 294 station positions
and rates were global parameters. The final combined re-
sults are identical to what would be obtained by perform-
ing the fit in a single step [25)].
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The least-squares parameter estimation is weighted by a
covariance matrix of the observables that is diagonal. The
diagonal elements are inversely proportional to the square
of the observable error. Such effects as uncalibrated instru-
mental errors, troposphere fluctuations [13], and source
structure [26-28] introduce additional unmodeled noise. In
order to partially account for these inadequacies, session-
specific adjustable errors are introduced. As mentioned
in Section II, these are root-sum-squared with the observ-
able errors, and adjusted in order to make the normalized
chi-square for each session close to 1.0. For delays, this
additive noise ranges from a few to tens of picoseconds
for Mark III observations, to several hundred picoseconds
for some of the early Mark II and Block I sessions. As
mentioned before, the variation of additive noise may in-
dicate possible problems in instrumentation, correlation,
or postcorrelation processing that need to be investigated
further.

IV. Results

The overall goodness of fit is indicated by root-
mean-square (RMS) residuals of 123 psec for delays, and
100 fsec/sec for delay rates. These are distributed among
the component data sets, as shown in Table 4. Gener-
ally, the residuals fall into two classes: Mark II (TEMPO
and RRFD) and Mark III (CDP, IRIS, and RRFD). The
noticeably better IRIS DR residuals may originate in
the smaller proportion of IRIS low-elevation observations.
Since this article focuses on the celestial reference frame,
three categories of estimated parameters (clock, tropo-
sphere, and station location) will not be considered in
detail here. The first two categories (clocks and tropo-
spheres) will be subject to future scrutiny in order to bet-
ter characterize their stochastic behavior. Station coordi-
nates at epoch 1988.0 are generally determined with for-
mal uncertainties of ~2 to 20 mm, and their linear time
rates of change with uncertainties of &1 to 5 mm/yr. The
rates agree with the Minster-Jordan AMO0-2 [29] and NU-
VEL [30] models of tectonic motion at the level of a few
mm/yr. Naturally there is an intimate relationship be-
tween the models of UTPM and tectonic motion, which
needs to be explored more critically in future work.

Not counting the two reference sources (OJ 287 and
CTD 20), coordinate estimates are made for a total of
230 sources. Positions of 216 of these sources are listed in
Table 5, including the number of observations, average ob-
serving epoch, and correlation coefficient between right as-
cension and declination. Note that the source coordinates
are given in the traditional units of hours, minutes, and
seconds for RA, and degrees, minutes, and seconds for dec-



lination (é). Approximate conversion factors to nanoradi-
ans are 72 cos(6) nrad/msec for RA and 4.8 nrad/mas for
8. Fourteen sources with 1o declination uncertainties that
exceed ~20 nrad are not included in Table 5. On the
other hand, the Table includes 23 sources with fewer than
10 observations, whose coordinates should be considered
preliminary. Most of these are sources for which DSN ob-
servations have been initiated only recently. Nevertheless,
approximately half of these sources have ¢’s smaller than
5 nrad. To give the reader some idea of the quality of this
catalog, it contains 40 sources that were observed more
than 1000 times, 54 sources with formal declination un-
certainties (0s) smaller than 1 nrad, and a majority (178)
of the sources have o5 < 5 nrad. The catalog is named
JPL 1990-3, in conformance with the local naming con-
vention which categorizes catalogs by date of analysis.

Figures 1(a) and (b) show histograms of the formal un-
certainties of JPL 1990-3 divided into 0.25-nrad bins. For
comparison, similar histograms are shown in Figs. 2(a)
and (b) for the current TEMPO catalog, JPL 1991-1 [4],
which is based on DSN data through early 1991. It is seen
that the errors of 1991-1 bear some resemblance to single-
peaked distributions, while the heterogeneous nature of
the observations entering 1990-3 spreads out the error dis-
tributions considerably and introduces multiple peaks.

Table 6 shows the precession and nutation parame-
ters (in units of nanoradians) derived from the fit which
yield JPL 1990-3. Note the highly significant precession
correction. The z and y celestial ephemeris pole offsets
are listed in the AAy, and AA, columns, and show that
the CEP at J2000 is significantly shifted, approximately
toward 5.5 hours RA. There are sizable significant cor-
rections to the 1980 TAU nutation amplitudes at 18-yr,
9-yr, annual, and semiannual periods, including a number
of out-of-phase components. A number of the shorter-
period nutation amplitudes are not significant, judging by
the given formal uncertainties, but are included for com-
pleteness. A long-standing problem in estimating preces-
sion and nutation quantities is the short timebase of VLBI
observations relative to the 18.6-yr nutation period. This
leads to high correlations between precession and nuta-
tion, and the problem is not expected to be fully removed
until the data cover a full 18.6-yr cycle in the late 1990s.
The formal uncertainties in Table 6 should be interpreted
with these high correlations in mind (the largest correla-
tion coefficient between precession and nutation is 0.93).
Nevertheless, there is substantial agreement of these val-
ues with comparable theoretical [31,32] and experimen-
tal [22,33] estimates. Note that the quoted experimental
results use data that partly overlap the data used here.
It is stressed that any application using the source coordi-

nates of Table 5 must also model the celestial pole position
with the parameters of Table 6.

V. Consistency Tests and Accuracy
Estimates

The database involved in generating the radio source
coordinates presented here is too large to permit many
internal consistency tests to be carried out within a rea-
sonable time span, with the computing facilities currently
available. Therefore, assessment of the validity of the for-
mal lo statistical parameter uncertainties was performed
by comparison of the estimated coordinates with those of
a variety of other catalogs, based on data that overlap the
present database to varying degrees.

The first category of such catalogs includes those based
only on RRFD and TEMPO data. The DSN catalogs
JPL 1987-1 (2] and JPL 1991-1 [4] are selected for com-
parison with JPL 1990-3. Catalog JPL 1987-1 contains
positions of 128 sources, and is the last DSN catalog de-
scribed in an external refereed publication. Note that
data entering 1987-1 terminate in late 1985, well before
the inception of DSN Mark III systems. Catalog JPL
1991-1 is the current TEMPO catalog, based on RRFD
and TEMPO data through early 1991, and thus includes
more sources (241) and more than twice the number of
RRFD Mark III observations used for 1990-3.

The second category of catalogs includes those deter-
mined by other research groups. There are many pos
sible candidates for comparison, of which only three are
chosen. One important member of this category is the
IERS catalog 90C01 [20], which combines individual CDP,
IRIS, USNO, and JPL catalogs, with due attention paid to
removal of rotational offsets and evaluation of formal un-
certainties from disparate analyses. It contains the coordi-
nates of 228 sources. Two GSFC catalogs were chosen to
be representative of other external results. The first, here
denoted GSFC89, is from [14]. It is based on 238,000 CDP
and IRIS observations through early 1988 and contains 182
sources. A somewhat premature attempt was made to tie
these source coordinates to the optical FK5 frame, which
accounts for the large (%25 nrad) rotation in right ascen-
sion that is required to make this catalog coincide with any
conventional radio catalog. A later Goddard catalog, de-
noted GSFC90 [15], extends the CDP and IRIS database
and adds NAVNET [34] and southern hemisphere astro-
metric experiments, for a total of 461,000 observations of
318 sources.

Pairwise comparisons were made between the present
source catalog and the above five collections of source
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positions derived from VLBI data. Prior to comparing
the source coordinates, three-dimensional rotational off-
sets were calculated and removed for each pair in order
to account for the different right ascension and nutation
reference points used in deriving each catalog. These ro-
tational offsets are a manifestation of the different meth-
ods used to define the orientation of the celestial reference
frame for each catalog. Tables 7 and 8 give the magni-
tudes of these rotational offsets (whose uncertainties are
of the order of 0.1 nrad), as well as the x2 per degree of
freedom (x2) in the least-squares solution determining the
rotational transformations. After the rotation is applied
(to the catalog other than 1990-3), the right ascension dif-
ferences are scaled to arc-length differences by applying
the factor cos (declination), and then RMS differences are
calculated for both source coordinates. Note that all the
catalogs involved In the comparisons (with the exception of
1987-1) were generated by fits that corrected the 1980 IAU
nutation and precession errors by estimating either daily
CEP orientation or nutation amplitudes and the preces-
sion constant.

Statistical analysis of uncertainties is problematic in
cases like the present, where the same parameters are esti-
mated from partially overlapping data. When this work is
extended to include databases through 1991, a more com-
plete statistical assessment will need to be performed. For
the present, the covariance matrices for both catalogs are
assumed to be diagonal, and the uncertainty of the dif-
ference of a given coordinate is assumed to be the root
sum square of the individual 1¢ uncertainties. In previous
work, neglecting off-diagonal covariances somewhat under-
estimated the true errors.

From Table 7, it can be seen that agreement of JPL
1990-3 with the other two JPL catalogs is reasonable, at
the level of the formal uncertainties. Rotational offsets
are as large as 7 nrad for 1987-1, but much smaller for
the more recent 1991-1. This is a manifestation of preces-
sion/nutation model deficiencies that were not as well cor-
rected for 1987-1 as in more recent fits. Root-mean-square
RA and declination differences are nearly consistent with
the uncertainty level of the catalogs (=10 nrad for 1987-1
and < 5 nrad for 1991-1 and 1990-3). The x2(RA) values
of 2.0 and 1.8 indicate some problem with right ascensions
that is not encountered with declinations. In order to test
whether the comparisons are being distorted by selection
of sources, the two comparisons were repeated, including
only sources that have formal ¢’s smaller than 5 nrad in
both catalogs. Results for rotational offsets and x2’s are
essentially unchanged, and the RMS differences decrease
to approximately 4 and 3 nrad for 1987-1 and 1991-1, re-
spectively.
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Comparisons with the IERS catalog and two GSFC cat-
alogs in Table 8 paint a more pessimistic picture than the
intra-JPL comparisons. Rotational offsets are as large as
10 nrad (the 24-nrad rotation of GSFC89 was already men-
tioned above), RMS differences are slightly higher than
5 nrad, and x2’s range from 2 to 4. A 5-nrad cut on input
catalog errors decreases the RMS differences slightly but
raises the x2’s even further. This suggests that the for-
mal uncertainties are underestimating true errors due to
some systematic effects coming into play at the nanora-
dian level. When the catalog formal o’s are root sum
squared with 2 nrad for all coordinates of each catalog
pair in the comparisons, the x2’s are reduced to the 0.8-1.4
range; a slightly larger additive error (3 nrad) is required
in the IERS90 comparison. Until further work identifies
the source of the 2-3-nrad systematic errors, these results
place a lower limit on the accuracy achievable in source
position determinations. To be investigated are tropo-
spheric covariance, the consequences of UTPM errors, a
detailed comparison of modeling and analysis procedures,
and proper motion or time-varying source structure. Ap-
proximately 100 sources show formal position uncertainties
of 2 nrad or smaller in the JPL 1990-3 catalog. Indica-
tions are that the low o’s are solely due to the extremely
large number of observations, and do not properly reflect
presently unidentified and unmodeled systematic errors.

In conclusion, the addition of several hundred thousand
non-DSN VLBI observations to the DSN data set in a fit
determining a radio reference frame has the beneficial ef-
fects of checking consistency of source coordinates derived
from disparate sets of baselines and revealing modeling de-
ficiencies at the 2-nrad level. Considerable improvement
is seen in the formal uncertainties (Fig. 1 versus Fig. 2),
nearly 50 percent of the 1990-3 uncertainties are brought
below the level of presently unidentified systematic effects.
A similar level of resolution may not have been reached
solely with DSN data for another year or two. It appears
that the true accuracy of the JPL 1990-3 catalog is ap-
proximately at the 5-nrad level.

VI. Conclusions

Source angular coordinates of 216 extragalactic objects
are derived from a database that includes the majority
of the world’s astrometric VLBI measurements through
1990. Care has been taken to eliminate some known
sources of systematic error, in particular the inadequacy
of the present standard precession/nutation model. The
formal uncertainties of these JPL 1990-3 source positions
are predominantly smaller than 5 nrad. Consistency tests
indicate that the formal errors are overoptimistic, espe-



cially those below 2 to 3 nrad. The 2- to 3-nrad limit
appears to be the point at which unknown systematics
dominate. In spite of these systematics, comparisons with
source coordinates from independent analyses of data that
partly overlap the database used here show that the 1990-3
positions agree at approximately the 5-nrad level. This
catalog may thus be one of the first to exhibit true 5-
nrad accuracy. Consistency with the non-DSN data in
the analysis, with its greater variety of baseline orienta-
tions and lengths, indicates that no serious systematic er-
rors are present in the DSN-only data that might be in-
troduced by the DSN baseline geometry, particularly the
extremely long California—Australia baseline. Consistency
with GSFC catalogs also provides an indirect verification
that there are no outstanding discrepancies between JPL
and GSFC modeling and estimation software at the 5-nrad
level.

The status of the 1990-3 reference frame relative to fu-
ture mission requirements remains to be fully character-
ized. When used with the CEP model of Table 6, the
1990-3 source coordinates are expected to yield accurate
source coordinates of date several years into the future.
If the true accuracy of this catalog is at the 5-nrad level,

as indicated by the above-mentioned comparisons, then
it is very close to satisfying Galileo specifications. The
TOPEX/POSEIDON S-/X-band and preliminary Cassini
Ka-band (32-GHz) 3-nrad requirements are more difficult
to meet; however, many of the errors in constructing a
Ka-band reference frame should be the same as those for
the present S-/X-band frame. It is expected that further
analytical refinements and acquisition of additional VLBI
measurements will permit achieving the 3-nrad level within
the next few years.

Future data analysis is planned along lines similar to
that presented here, incorporating the more recent high-
quality DSN Mark III data, as well as updates of the
TEMPO, CDP, and IRIS databases. Empirical corrections
for two of the known causes of systematic error (source
structure and troposphere mismodeling) will be incorpo-
rated in future parameter estimates. Including LLR data
extending back to 1969 would also be of substantial help
in reducing the precession-nutation correlations [33]. Such
fits are expected to reduce source coordinate uncertainties
further, to better characterize the true accuracies, and to
satisfy future navigation requirements for a radio reference
frame.
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Table 1. Summary of VLBI observing programs

Program Natn Nyt Time period Nges Nire Nobs
CDP 31 144 79/ 8 — 89/12 178 76 134,627
IRIS 8 24 84/ 1 - 90/ 6 452 31 168,119
TEMPO 3* 3* 80/ 7 - 90/ 9 665 106 7,324
RRFD MkII 3" 2* 78/10 —89/ 4 65 230 8,520
RRFD MKIII 3* 2* 88/8 —90/7 13 214 1,144
Total 34 147 78/10 — 90/ 9 1373 230 319,734

*DSN Deep Space Communications Complex

Table 2. Noise characteristics of VLBI data

RMS data RMS added
Program Nobs . R
noise, psec noise, psec
Table 4. RMS delay and rate residuals of VLBI data
CDP 134,627 100 77
RIS 168,119 94 66 Program Delay, psec Delay rate, fsec/sec
TEMPO 7,324 464 260
RRFD MKII 8,520 395 158 CDP %6 113
RRFD MKIII 1,144 65 50 IRIS 86 81
TEMPO 448 109
RRFD MKII 336 134
RRFD MKIII 87 117
All 123 100

Table 3. Elevation-angle distributions of VLBI data

Program f10 f20 fa0

CDP 0.020 0.129 0.278
IRIS 0.023 0.111 0.218
TEMPO 0.066 0.310 0.548
RRFD 0.065 0.293 0.510
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Table 6. JPL 1990-3 celestial ephemeris pole motion model

AAy AAe
Index Period, (in phase) (in phase)
days (out of phase), (out of phase),
nrad nrad ) X
Table 7. Comparisons of other JPL catalogs with JPL 1990-3
1 6798.38 —-22.141.7 8.240.3
7.7 0.7 10.3 0.2 Catalog 1987-1 1991-1
2 3399.19 7.8£0.6 0.6+£0.1
1.0 03 0.7 0.1 Number of common sources 103 208
10 365.26 2;?*81 ggigi RMS uncertainty for common sources
B o JPL 1990-3: RAcos§ and dec., nrad 5.0, 4.4 6.3, 5.4
9 182.62 6.91+0.1 —2.440.1
—6.1 01 ~19 0.1 Other: RAcos § and dec., nrad 9.0, 86 4.8, 4.0
11 121.75 —1.040.1 0.840.1 Rotational offsets, nrad = —2.8 0.0
0.1 0.1 0.1 0.1 v 7.2 1.8
32 27.55 —-1.0+0.1 —-0.540.1 z -3.1 0.5
-0.6 0.1 04 01 x2 per degree of freedom 1.7 1.5
31 13.66 —2.7+£02 1.4+0.1 RMS difference, nrad: RAcos§ 7.5 5.2
0.6 0.2 —-0.4 01
dec. 10.8 5.8
33 13.63 —2.01+0.2 0.6+0.1 2
0.1 0.2 0.3 0.1 x? per degree of freedom: RAcos § 2.0 1.8
— 433.20 -3.0£0.1 ~0.6£0.1 dec. 1.3 11
3.0 0.1 -1.3 0.1
Precession, —10.430.3 —
nrad/yr
Offset —-61.311.6 9.44+0.3

Table 8. Comparisons of external catalogs with JPL 1990-3

Catalog IERS90 GSFC89 GSFC90

Number of common sources 183 120 159

RMS uncertainty for common sources

JPL 1990-3: RAcos§ and dec., nrad 4.9, 43 4.7, 3.6 6.1 4.8
Other: RAcos 6§ and dec., nrad 7.6, 6.8 5.7, 3.0 3.7 29
Rotational offsets, nrad z 1.4 10.2 —-5.4
¥ 0.7 5.0 —11.9
z 0.3 —24.3 1.8
x? per degree of freedom 3.6 2.7 3.8
RMS difference, nrad: RAcosé 5.8 4.2 7.5
dec. 8.9 6.2 6.6
x? per degree of freedom: RAcos § 3.3 2.1 4.0
dec. 4.0 2.7 3.3
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Fig. 1. Distribution of errors in (a) right ascension (arc length) and (b) dectination for source coordinates in the catalog JPL 1990-3,
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g- 2. Distribution of errors in (a) right ascension (arc length) and (b) declination for source coordinates in the TEMPO catalog
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